A blackboard system consists of a set of knowledge sources, a blackboard data structure, and a control strategy used to activate the knowledge sources. The blackboard model of problem-solving is best described by Dr. H. Penny Nii of the Stanford University AI Laboratory:
This design allows for an opportunistic control strategy. The opportunistic problem-solving technique allows a knowledge source to contribute towards the solution of the current problem without knowing which of the other knowledge sources will use the information. The use of opportunistic problem-solving allows the data transfers on the blackboard to determine which processes are active at a given time.
Designing and developing blackboard systems is a difficult process. The designer is trying to balance several conflicting goals and achieve a high degree of concurrent knowledge source execution while maintaining both knowledge and semantic consistency on the blackboard. Blackboard systems have not attained their apparent potential because there are no established tools or methods to guide in their construction or analyze their performance.
The lack of a coherent set of design tools and guidelines has resulted in blackboard systems being developed in an ad hoc fashion. Designers have been forced to make design choices in a void, in many cases leaving the designer stuck with a poorly designed system because revisions are too difficult once the system has been implemented. This lack of design and analysis tools is one of the reasons why incorporating concurrency into the blackboard problem-solving model has not been successful. The use of a centralized control mechanism and contention in accessing the blackboard have also restricted the success of previous systems.
A set of blackboard system design tools that can be used to test and refine a proposed blackboard system design before the design is implemented has been developed and validated . The set of blackboard system design tools consists of a Knowledge Source Organizer, a Knowledge Source Input/Output Connectivity Analyzer, and a validated Blackboard System Simulation Model. This paper presents the structure and functionality of the Knowledge Source Input/Output Connectivity Analyzer. An example outlining the use of the Knowledge Source Input/Output Connectivity Analyzer to aid in the design of a concurrent tactical decision generator for air-to-air combat is presented. The blackboard system design and analysis tools are designed for generic blackboard systems and are application independent.
Int r o d u d
Blackboard systems are a natural progression of expert systems into a more powerful problem-solving technique. They provide a way for several highly specialized knowledge sources to cooperate to solve larger and more complex problems. Blackboard systems incorporate the concepts developed by rule-based and expert systems programmers and include the ability to add conventionally coded software to cooperate in solving problems. The specialized knowledge sources are easier to develop and test and can be hosted on hardware specifically suited to the problem that they are solving. The use of opportunistic problem-solving, the datadriven control structure, and highly specialized knowledge sources allows a set of knowledge sources to cooperate to solve large, complex problems.
Designing and developing blackboard systems is a difficult process. The designer is trying to balance several conflicting goals: achieving a high degree of knowledge source parallelism, and maintaining memory and semantic consistency. Several major problems facing the designers of blackboard systems have been outlined in the current literature. What is needed are system engineering guidelines for making appropriate design choices and improved languages and tools for constructing parallel and distributed blackboard applications. Such engineering guidelines require empirical measurements of pioneering applications. A few data points are beginning to emerge, but direct measurement of applications designed and executed on real parallel or distributed hardware remains to be performed." 2 A blackboard system designer requires a coherent set of blackboard system design, simulation, and analysis tools to be able to build systems that realize the full potential of the blackboard problem-solving model. A system implemented using a set of highly specialized, highly independent knowledge sources with a data transfer driven control mechanism will be faster, more efficient, and more powerful than current systems. This type of blackboard system does not require the centralized blackboard controller. Centralized control modules have been shown to be one of the major bottlenecks in existing concurrent blackboard systems. L4 To achieve these design requirements, a set of design and analysis techniques for blackboard systems has been developed. The set of design aids consists of a Knowledge Source Organizer and a Knowledge Source Input A set of automated Blackboard System Design and Analysis Tools is being developed to support the design and analysis of concurrent blackboard systems. The first section of the design and analysis tool aids the designer in decomposing the problem domain into a set of knowledge sources and outlines the inpudoutput pairs for each knowledge source. An outline of the structure of the blackboard data objects is also developed at this time.
The second section of the tool uses the input/output pairs for the initial knowledge source partitioning to create a data connectivity graph of the system. The data connectivity graph is then used to measure knowledge source independence, data transfers across the blackboard, and commonly shared data objects. A simplified data connectivity graph is shown in figure 1.
The knowledge source VO connectivity analysis system then searches for tightly coupled knowledge sources (using a heuristic to measure coupling) and highlights those knowledge sources by directly connecting the knowledge sources and marking the link with a star (figure 2). The knowledge sources can then be restructured to increase the independence of the knowledge sources. This process can be repeated until the system design constraints are met, or until the knowledge source coupling metric is minimized
Preliminarv Research
Preliminary research 3.. 6 has shown that efficient implementation of blackboard systems requires that the knowledge sources be highly specialized and highly independent. A knowledge source is considered to be specialized if it is designed to solve a specific task or subtask. A knowledge source is considered independent if it requires data from the blackboard for execution, not from a specific knowledge source. 
provides the following benefits:
Leads to systems that can cooperate in parallel on large problems.
Reduces input and output overlap.
Reduces write set conflicts and concurrency control requirements.
Reduces the chance of semantic synchronization being violated because it reduces the chance of one knowledge source's output invalidating the output of another knowledge source.
Reduces memory contention at the blackboard level.
Knowledge source independence provides the following benefits:
Centralizes problem-solving functionality, making the function of each knowledge source easier to understand and provides for modular protection.
Increases opportunistic execution of knowledge sources.
Reduces the input/output connectivity between the knowledge sources.
Reduces inter-knowledge source data transfers across the blackboard.
Reduces data traffic on the communications medium.
Reduces concurrency control requirements.
Reduces blocking of knowledge sources.
Reduces memory contention on the blackboard.
.Know leSou rce T/O Connect ivitv Analvsis
A static knowledge source Input/Output connectivity analysis of the preliminary design of a blackboard system's knowledge sources and blackboard structure is used to determine the data transfers between the knowledge sources, data migration across the blackboard, and knowledge source independence. Knowledge source 1/0 connectivity analysis measures the "connectivity" between knowledge sources and the overlap in the knowledge source output sets. The VO connectivity is a measure of the independence of knowledge sources, and the output set overlap is a measure of the specialization of knowledge sources. Knowledge source pairs with a high level of 1/0 connectivity are highly dependent on each other, pairs with a low level of I/O connectivity are independent of each other. Knowledge source pairs with a high level of output set overlap compute similar functions and are not specialized. Knowledge source pairs with a low level of output set overlap are highly specialized. Knowledge source independence and specialization values are used to refine the design of blackboard systems.
To perform the static knowledge source input/output connectivity analysis for a blackboard system we treat the blackboard system p as a set of knowledge sources. 
The cardinality of the set rj,k for each pair {kSj,kSk) in P is a measure of output overlap for the pair { kSj,kSk}. Knowledge source pairs, { ks. ksk], with a large output overlap imply &at ksj and ksk share a large number of output variables and perform similar functions. Knowledge source pairs, { kSj,kSk}, with a low overlap imply that ksj and ksk perform different functions. A proposed heuristic to measure knowledge source independence is to compute an independence value, Qjk for each pair (ksj,ksk) in P.
This heuristic was developed to compute the percentage of overlap between the sets Oj and Ok. The cardinality of the set rj,! divided by the minimum of the cardinalities of the sets Oj and Ok computes a percentage of overlap between the set rj,k and the smaller of the sets Oj and Ok. AS Qj,k approaches 1 .O the output overlap between ksj and ksk increases, as Qj,k approaches 0.0 the output overlap between ksj and kSk decreases. For the limiting cases, if @j 3 Ok or Ok 3 Oj, we know that Qj,k = 1.0, and ksj and ksk compute the same outputs and are not specialized. If rj,k = @, we know that Qj,k = 0.0, and the two knowledge sources have no common outputs and are highly specialized.
The cardinality of the set @j,k for each pair {kSj,kSk} in P is a measure the input/output connectivity for the pair { kSj,kSk). Knowledge source pairs { kSj,k~k] with a high connectivity imply that ksk is highly dependent on ksj for its input variables, conversely knowledge source pairs [ kSj,kSk} with a low connectivity imply that ksk's inputs are independent of ksj's outputs. A proposed heuristic to measure knowledge source connectivity is to compute a connectivity value, nj,k for each pair (kSj,kSk} in P. 
Di~~ussion of Results
The results of the static inpudoutput connectivity analysis can be used to measure the specialization and interdependence of the knowledge source in P. The static knowledge source VO connectivity analysis will produce a measure of the interdependence between knowledge sources and a measure of the data transfers across the blackboard and through the network. From this analysis the designer can determine if the knowledge sources have been partitioned correctly and if the expected level of knowledge source independence has been achieved. This type of analysis has been done by hand while developing several blackboard systems?-6
These preliminary heuristics were developed during the design and testing of the Cube-CLAWS blackboard system4. The initial design stressed knowledge source specialization and did not consider knowledge source independence. During system testing inefficiencies in the initial design of three knowledge sources were discovered. The following example will show the original knowledge source designs and the knowledge sources VO connectivity and independence values. The system was then redesigned to achieve better knowledge source independence. Analyzing the initial design shows that ksl and ks2, and ks2 and ks3 both have VO connectivity values of 1.0. This high degree of VO connectivity caused very short processing pipelines to occur and forced serial execution of these knowledge sources. The small size and fast execution rates of the knowledge sources made pipeline processing a costly approach. The cost of message passing was greater than the speedup gained by parallel execution of multiple copies of the knowledge sources. The system was redesigned to decrease VO connectivity.
The redesigned system combined the second and third knowledge source into a single knowledge source. The redesigned system provided better performance than the frrst system with little loss in knowledge source specialization. This research clearly shows that the design process must consider both knowledge source specialization and knowledge source connectivity and find a balance between the two that will provide optimal performance.
Concluding Re marks
A concurrent object-oriented blackboard system that is faster, more efficient, and more powerful than existing systems can be developed using the design, simulation, and analysis tools. The use of the design and analysis tools provided the highly specialized, highly independent knowledge sources required for concurrent blackboard systems to achieve their design goals. The knowledge source connectivity analysis highlights potential memory hotspots and system bottlenecks, and identifies knowledge sources where the messagepassing costs and other knowledge source communication costs outweigh the gains made by concurrent knowledge source execution. The system can also be used to predict the amount of time each knowledge source should require to readwrite the blackboard objects, and where potential memory access conflicts can occur between knowledge sources.
The blackboard system designer can use the results of the knowledge source connectivity analysis to revise the blackboard system design. The design can be modified to gain the desired knowledge source size and independence, and the desired knowledge source VO connectivity. These blackboard system design and analysis tools are designed to function for generic blackboard systems and are application independent.
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